Abstract: Streaming Induced Potential (SIP) of polystyrene sulfonate, PSS, and poly(ethylenimine), PEI, in the presence of monovalent (NaCl) and divalent (CaCl 2 ) electrolytes, were measured at ambient temperature. The data indicate that screening of polyelectrolyte surface charge, i.e. the reduction of SIP amplitude, is more efficient by divalent CaCl 2 , as compared to monovalent NaCl electrolytes. The screening of polyelectrolyte surface charge leads to reduction of the mutual repulsion between the polyelectrolyte segments. In the case of CaCl 2 electrolyte, since PSS and PEI are, respectively, negatively and positively charged, sequestration of calcium ions by the polyelectrolyte leads to strong reduction of the free calcium ions concentration in the medium in the presence of the PSS when compared to the PEI. Further, the preparation of CaCO 3 particles through a precipitation reaction, at room temperature, by using PSS and PEI polyelectrolytes as crystal modifiers were investigated. The final CaCO 3 particles are found to result from the aggregation of nanocrystals, and have various shapes and sizes depending on polymer concentration and structure. It comes out that the properties of CaCO 3 particles prepared in the presence of the polymer are function of the interaction efficiency between the polymer-repeating units and the calcium ions. Such interaction is found to affect the free calcium ions concentration in the medium.
Introduction
Homogenous inorganic powders, i.e. having narrow size distribution and the same morphology are of a great importance due to their various applications, for instances as fillers and pigments [1, 2] . Further, in various industrial processes, the powder characteristics, i.e. the crystalline structure, the size, and the morphology, affect the performance and the quality of the final product [2] . The calcium carbonate powder, CaCO 3 , is the most widely used of the minerals and pigments. However, large-scale production of this material gives polydisperse and non-uniform CaCO 3 powders. Thus in order to prepare homogenous CaCO 3 powders, several works [3] [4] [5] have shown that the morphology and growth rate of the CaCO 3 crystals are modified in the presence of additives such as acidic proteins, polymers and block copolymers. However, the mechanism by which polymeric additives affect the CaCO 3 structure is not clearly understood. Thus, the aim of the present work is to throw light on the mechanisms by which the polyelectrolytes present in the precipitation medium affect the structure, the morphology, and the size of CaCO 3 crystal.
Results and discussion

Salt effect on the polyelectrolyte surface charge
The variations of the streaming potential for the PSS and PEI polyelectrolytes, in the presence of indifferent monovalent (NaCl) and divalent (CaCl 2 ) electrolytes, are shown, respectively, in Figs 1 and 2. In all instances, the amplitude of the potential decreases as the salt concentration increases and reaches a plateau value. This reduction in the amplitude of the potential results from the reduction of the mutual repulsion between the polyelectrolyte segments [6] [7] [8] [9] . In addition, Figs 1 and 2 indicate that the potential amplitude variation depend on the nature of salt and polyelectrolyte. For instance in the presence of 20 ml of CaCl 2 0.1 M, only 60% of PSS (100 mg) surface charge are screened, while at the same salt concentration and volume, 100% of PEI (100 mg) surface charge are screened. The data indicate that the PEI is less surface charged as compared to the PSS polymer. Thus, it is expected that the PSS surface groups will interact more efficiently with calcium ions than with the PEI surface groups, during the CaCO 3 precipitation experiments.
Modification of the crystal size, morphology, and structure by the polyelectrolyte
Figs 3 and 4 show, respectively, the SEM micrographs of CaCO 3 particles prepared in the absence of polyelectrolytes and in the presence of PSS. As can be seen in Fig  3, the crystallization of the calcium carbonate in the absence of polymers gives birth to agglomerate having large sizes of more than 5 microns and made of primary particles, which present rhombohedral morphologies. The X-ray analysis of such CaCO 3 particles indicated that the crystal structure is calcite. In the presence of the PSS, CaCO 3 spherical particles having diameter size about 2 microns are obtained as shown in Fig 4. The X-ray analysis of such small CaCO 3 particles indicated that the crystal structure is vaterite. Fig. 5 shows the SEM micrograph of CaCO 3 particles prepared in the presence of PEI. As can be shown on the figure, heterogeneous powder made of spherical and rhombohedral particles having, calcite structure is obtained with the PEI. Such structure results from the less efficient interaction between the PEI surface groups and the calcium ions present in the crystallization medium.
It should be emphasised that vaterite CaCO 3 particles can be formed without any additives and are converted into the most thermodynamically stable form, calcite. In the present study the vaterite structure is stabilised for prolonged times with the PSS but not with the PEI which gives calcite structure. 
Induction time
The kinetics of CaCO 3 crystal growth was monitored by measuring the time dependence of the light scattered at 90° by the supersaturated solutions. Sigmoidal curves were obtained during the precipitation reaction in the absence or in the presence of polyelectrolyte. From these curves, the induction times, , were determined as shown in Fig. 6 for the CaCO 3 precipitation in the presence of PSS. The induction time was determined from the extrapolation of the tangent at the midpoint to time axis. . Fig. 7 indicates that in all instances, an increase in the saturation value leads to a decrease in the induction time. However, at S/S 0 <1000, the use of PSS in the precipitation medium leads to significant increase of the CaCO 3 induction time, whereas the PEI does not seem to affect the nucleation and growth rate of the CaCO 3 particles. It should be noted that no significant CaCO 3 precipitation was observed during the elapsing time prior the induction time.
Finally, the polyelectrolyte PSS reduces the crystal growth due to the interaction between the anionic polyelectrolyte groups and the calcium ions. Such interaction with the calcium ions is more efficient with the PSS as compared to PEI, which interacts efficiently with the carbonate crystal ions. The final CaCO 3 particle results from aggregation of nanocrystallites [10, 11] .
The amount of the PSS (M w = 10 6 g. mol -1 ) retained on the CaCO 3 particles was found to increase with increasing polymer concentration, and reached a plateau value of 8 wt.% at polymer concentration around 1 g/l, as shown elsewhere [11] .
Conclusions
It is shown in this work that cationic and anionic polyelectrolytes affect the crystalline structure, the morphology, and the size of the CaCO 3 crystals. Such crystal modifications result mainly from the interaction strength between the crystal lattice ions and the polyelectrolyte surface groups. The anionic polyelectrolyte, PSS, is more sequestering of calcium ions, as compared to the cationic polymer, PEI. This difference in surface charge between PSS and PEI leads to strong interaction between calcium ions and PSS units and to small CaCO 3 crystal size. The mechanism whereby PSS interacts with the crystal lattice ions occurs at earlier stages of precipitation (nucleation) and is dependent on the polymer concentration. Such mechanism involves ion exchange of the polyelectrolyte counterions and/or ion complexation between the macromolecule units and the crystal lattice ions. During the crystal growth, adsorption of the polyelectrolytes takes place, which tend to reduce the crystal size.
Polyelectrolytes additives such as PSS are suitable to modify the crystal morphologies and the sizes in the required way.
Experimental part
Materials
The anionic and the cationic polyelectrolytes used were, respectively, the polystyrene sulfonate, PSS, M w = 70 10 3 g mol -1 and poly(ethylenimine), PEI, M w =750 10 3 g mol -
1
. All the polyelectrolytes were purchased from Aldrich and used as received without further purification. The sodium carbonate anhydrous (Na 2 CO 3 ), and the calcium nitrate tetrahydrate Ca(NO 3 ) 2 4H 2 O, were purchased, respectively, from Fluka Chemie AG, and from Prolabo.
Streaming potential
The potential measuring device was the particle charge detection (PCD, Müteck instrument [12] ). The streaming potential was determined by using a potential measuring device (Particle Charge Detection, PCD, Müteck instrument). The measuring cell was composed of a cylindrical poly(tetrafluoroethylene) (PTFE) container with a PTFE piston inside. The titratable aqueous polyelectrolyte (0.1 g in 10 ml of water) was filled into the gap (0.5 mm) between the container wall and the piston, and various amounts of the aqueous salt (NaCl or CaCl 2 ) solution were then added. The resulting streaming induced potential (SIP) was measured between two gold electrodes located at the top and the bottom of the gap. During the measurements, the piston moved sinusoidally up and down at a frequency of 4 Hz and forced the aqueous suspension to move and to stream through the gap along the container wall. The SIP measured during the piston movement, resulted from the separation of the counter ions from the polyelectrolyte particles adsorbed on the container wall.
Preparation of calcium carbonate particles
Supersaturated solutions for crystal growth experiments were prepared, at ambient temperature, by addition of sodium carbonate (Na 2 CO 3 ) to calcium nitrate (Ca(NO 3 ) 2 4H 2 O) solutions in a water-jacketed Pyrex glass vessel of 300-ml capacity. Prior to the beginning of the precipitation, the polymer aqueous solution of PSS or PEI, were first added, respectively, to calcium nitrate or sodium carbonate solutions, and the mixtures were stirred for about few minutes prior the addition of sodium carbonate or calcium nitrate solutions. The final polyelectrolyte concentration varied in the range 0.9-1.42 g/l. It should be emphasised that prior the CaCO 3 precipitation takes place, the PSS-calcium, or the PEI-carbonate mixtures at the equilibrium, formed homogenous solutions.
The CaCO 3 particles were obtained by mixing calcium nitrate and sodium carbonate salts at moderate speed of agitation (about 500 revolutions), during the whole process, either in the presence or in the absence of polyelectrolyte. At the end of the precipitation, CaCO 3 crystals were recovered by filtration and the dried particles were gold coated in vacuum and examined by Scanning Electron Microscope (SEM). The vaterite fractions of the CaCO 3 particles were determined from the X-ray spectra and by using the Rao's equation as described elsewhere [11, 13] .
Induction time measurements
The kinetic of CaCO 3 crystal growth was monitored by measuring the time dependence of the light scattered at 90° by the supersaturated solutions. The measurements were made at 25 °C by using a spectrofluorimeter Shimadzu RF-5001 PC, operating at the same emission and excitation wavelength, =500 nm. It should be emphasised that the Induction time of CaCO 3 precipitation was found to vary with PSS or PEI concentration, in a similar way as shown elsewhere, for effect of sodium polyacrylate molecular weight on the crystallogenesis of calcium carbonate [13] .
